Strong fragmentation of low-energy electromagnetic excitation strength in 'Sn 
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Results of nuclear resonance fluorescence experiments on ^^'^Sn are reported. More than 50 7 
transitions with -E^ < 4 MeV were detected indicating a strong fragmentation of the electromagnetic 
excitation strength. For the first time microscopic calculations making use of a complete configu- 
ration space for low-lying states are performed in heavy odd-mass spherical nuclei. The theoretical 
predictions are in good agreement with the data. It is concluded that although the El transitions 
are the strongest ones also Ml and E2 decays contribute substantially to the observed spectra. In 
contrast to the neighboring even ^'^^"'^^''Sn, in ^^^Sn the 1~ component of the two-phonon [2^ ® 3j^] 
quintuplet built on top of the 1/2"'" ground state is proved to be strongly fragmented. 

PACS numbers; 21.10.Re, 21.60.-n, 23.20.-g, 25.20.Dc 
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During the last years the study of the properties of 
multi-phonon excitations in atomic nuclei has been one 
of the key topics in nuclear structure research. The main 
motivation for these studies is to gain insight into the ap- 
plicability of a picture of harmonic excitations to a finite 
strongly interacting fermion system, like an atomic nu- 
cleus. At present, systematic experimental information 
on the properties of low-lying two-phonon states |^-||] as 
well as on two-phonon giant resonances Mpl in even-even 
spherical nuclei is available. 

The 1~ component of a two-phonon quintuplet built up 
of collective quadrupole and octupole phonons, [2j'"(X)35^], 
is a very good candidate for the investigation of anhar- 
monic properties of low- lying excited states. This state is 
practically a pure two-phonon state with very weak ad- 
mixtures of other configurations [g| . In addition, a tool 
which is very selective to its excitation, namely nuclear 
resonance fluorescence (NRF), is available. The main 
conclusion from systematic studies [g,g,||-g| of this 1^ 
state in even spherical nuclei in different mass regions is 
that anharmonicity effects are rather weak, supporting a 
harmonic treatment of nuclear excitations. 

The next step in these studies should be the extension 
to spherical odd-mass nuclei. Here experimental infor- 
mation is sparse. NRF experiments on ^^'^Cd |y, ^^'^Cs 
|lO| and ^^■^Nd ||lj] have been reported. From very gen- 
eral arguments one expects rather weak changes in the 
properties of collective vibrations when they are coupled 
to an odd quasiparticle. However, even the first NRF ex- 
periments indicate a rather strong fragmentation of the 
excitation strength. To minimize the number of possible 
excited levels it is imperative to consider this coupling of 
collective vibrations to an odd quasiparticle in a nucleus 
with ground state spin 1/2. 

In the present letter we report on NRF experiments 



on ^^'Sn {Jgs — 1/2"'') in which 59 transitions with 
E^ < 4.05 MeV have been observed. It is clear that a 
detailed theoretical analysis which provides information 
on the structure of the excited states, is necessary to ex- 
plain the results of this experiment. For this reason a full 
microscopic calculation of the properties of multi-phonon 
states in heavy odd-mass spherical nuclei has been per- 
formed for the first time. 

Experimental results have been obtained at the 
bremsstrahlung NRF-facility at the 4.3 MV Dynamitron 
accelerator of the Stuttgart University B. The elec- 
tron energy was 4.1 MeV. The NRF technique has al- 
ready been extensively described in review articles (see, 
e.g. Ref. m). For this experiment, a setup with 3 HP 
Ge-detectors with 100% efficiency (relative to a 3"x3" 
Na(Tl) crystal) and installed at scattering angles 90°, 
127° and 150° was used. The NRF target consisted of 
two tin disks. The total amount of tin was 1.649 g and 
the enrichment in "'''Sn was 92.10%. Two ^'^Al disks 
with a total weight of 780 mg were sandwiched between 
the tin disks. The aluminum nuclei, having well known 
photon scattering cross sections [|l^, enable the photon 
fiux calibration and thereby the absolute measurement 
of the photon scattering cross sections of excited states 
in the ^^^Sn nuclei. 

In this experiment 59 7-transitions with an energy be- 
tween 1440 and 4050 keV have been detected. From the 
consideration of 7 energy differences it follows that only 
5 of the observed 7 transitions may be due to inelastic 
photon scattering. The energy integrated cross sections 
for elastic scattering. Is, for all observed states are plot- 
ted in Fig. n^a. Spin quantum numbers could be assigned 
to some excited states from angular distribution measure- 
ments: for 6 levels the spin value 3/2 is suggested and for 
another 5 levels an assignment 1/2(3/2), meaning that 



1/2 is more likely, is possible. The present NRF setup 
does not allow to deduce parities for levels in odd-mass 
nuclei. In the energy region under consideration only a 
few levels are known from other experiments |l3] . More 
details on the experimental analysis and the complete in- 
formation on observed transitions will be published in a 
forthcoming article. 
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FIG. 1. a) Experimental and b) calculated intensities of 
7-decays of low-lying states in ^^^Sn into the ground state. 

Combining the results of the present experimental 
studies with those for "^cd §, "3Cs and ^^^Nd Q 
we conclude that a strong fragmentation of low-energy 
electromagnetic excitation strength is a general feature 
in heavy odd-mass nuclei. With the present state-of-the- 
art of the modern NRF technique alone it is not possible 
to study in detail the properties of the many levels in- 
volved and thus, a theoretical support is needed. 

To accomplish this task a theoretical analysis of the 
properties of low-lying states in ^^''Sn has been performed 
within the Quasiparticle-Phonon Model (QPM) |l|]. The 
QPM has been successfully applied to describe the po- 
sition and the El excitation probability of the lowest 
1~ state in the even-even ^^^^^^^Sn isotopes 0]. This 
state has a two-phonon nature with a contribution of the 
[2:;^ (g) 3j"]i-- configuration of 96-99%. A general QPM 
formalism to treat odd-mass spherical nuclei is presented 
in review articles [nsUlq]. A Woods-Saxon potential is 
used in QPM as an average field for protons and neu- 
trons. Phonons of different multipolarities and parities 
are obtained by solving RPA equations with a separa- 
ble form of the residual interaction. The single-particle 



spectrum and phonon basis are fixed from calculations in 
the neighboring even-even nuclear core. No new free pa- 
rameters are introduced for calculations in the odd-mass 
nuclei. All matrix elements of the coupling between the 
different configurations in the wave functions of states 
in odd-mass nuclei are calculated on a microscopic foot- 
ing, making use of the internal fermion structure of the 
phonons and the model Hamiltonian. In the calculations 
to be presented below we use the same set of parameters 
as in our previous calculations in ^"'^^Sn H. 

In our present calculations the wave functions of the 
ground state and excited states are mixtures of different 
"quasiparticle (g)A''-phonon" {[qp(E)Nph]) configurations, 
where TV = 0, 1, 2, 3. When A^ > 1, qp from different lev- 
els of the average field are accounted for. It is only neces- 
sary that all configurations have the same total spin and 
parity. To achieve a correct position of the [qp(E>2ph] con- 
figurations, in which we are especially interested in these 
studies, [qp ® 3ph] configurations are important. The 
excitation energies and the contribution of different com- 
ponents from the configuration space to the structure of 
each excited state are obtained by a diagonalization of the 
model Hamiltonian on a set of employed wave functions. 
Interaction matrix elements are calculated to first order 
perturbation theory. This means that any [qp (g) Nph] 
configuration interacts with the [qp (E> {N ± l)ph]) ones, 
but its coupling to [qp ® (A^ ± 2)ph] configurations is 
not included in this theoretical treatment. The omit- 
ted couplings have non-vanishing interaction matrix ele- 
ments only in second order perturbation theory. They are 
much smaller than the ones accounted for and excluded 
from consideration for technical reasons. An interaction 
with other [qp®Nph] configurations is taken into account 
while treating Pauli principle corrections. 

The phonon basis includes the phonons with multipo- 
larity and parity A'^ — 1*, 2+, 3^ and 4+. Several 
low-energy phonons of each multipolarity are included in 
the model space. The most important ones are the first 
collective 2+, 3^ and 4+ phonons and the ones which 
form the giant dipole resonance (GDR). Non-collective 
low-lying phonons of an unnatural parity and natural 
parity phonons of higher multipolarities are of a marginal 
importance. To make realistic calculations possible one 
has to truncate the configuration space. We have done 
this on the basis of excitation energy arguments. All 
[qp(^lph] and [qpiS)2ph] with Ex < 6 MeV, and [qp(S)3ph] 
with Ex < 8 MeV configurations which do not violate the 
Pauli principle are included in the model space. The only 
exception are [Jg.s. fX" 1~] configurations which have not 
been truncated at all to treat a core polarization effect 
due to the coupling of low-energy dipole transitions to the 
GDR on a microscopic level. Thus, for electric dipole 
transitions we have not renormalized effective charges 
and used e^^ip) = {N/A) e and e^^in) == -{Z/A) e values 
to separate the center of mass motion. For All transi- 
tions we use gf^ = 0.64:g^g°'^ as recommended in Ref. [pj[. 



In this all the configurations of importance for the de- 
scription of low-lying states up to 4 MeV are included in 
the model space. The dimension of this space depends on 
the total spin of the excited states, and it varies between 
500 and 700. 
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FIG. 2. Calculated intensities of 7-decays into the ground 
state in a) ^^^Sn and b-d) ^'^'^Sn. E2 decays are plotted by 
dashed lines in a) and c). El decays in b) which are pre- 
dominantly due to [3si/2 ® [2]^ ® 3f ]i-]i/2-,3/2- ~* 3si/2 
transitions are marked by triangles. 

Since only _E1, Ml and E2 transitions can be observed 
in the present experiment only the properties of excited 
states with J'^ — 1/2^, 3/2* and 5/2+ will be presented. 
As the parities of the decaying levels are unknown and 
the total spin of only a few of them is assigned, the best 
comparison between theoretical predictions and experi- 
mental data should be at the level of the scattering cross 
sections, /,. The calculated /, values: 
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where F are decay widths, are plotted in Fig. Hb. We 
present here only ground state decays. The inelastic de- 
cays are accounted for in a calculation of the total de- 
cay width Ttot- Details concerning the calculations and 
branching ratios will be presented elsewhere. Supporting 
the experimental findings our calculations also provide a 
strong fragmentation of electromagnetic strength. The 
strongest transitions have El character, but also E2 and 



Ml excitations yield comparable cross sections. They 
are presented separately in Fig. gb,c,d, respectively, in 
comparison to calculated intensities in the core nucleus, 
^^^Sn (Fig. ||a). The total calculated scattering cross sec- 
tions. Is, of the plotted El, Ml and E2 excitations in 
Fig Ija-d equal 73, 37 and 42 eVb. The summed cross 
section of the experimentally observed levels, presented 
in Fig. la, equals 137 eVb and agrees within 10% with 
the theoretically predicted 152 eVb. 

The good correspondence between experimental and 
theoretical results concerning strength fragmentation, 
position of main groups of levels and total electromag- 
netic strength make us confident in the theoretical pre- 
dictions, which will be used below in explaining the main 
features of the experimentally observed transitions. 

Let us first ask whether the unpaired quasiparticle in 
odd-mass nuclei plays the role of a spectator in deter- 
mining the properties of low-lying states. To answer 
this question we compare the structure of the excited 
states in ^^^Sn with the structure of the correspond- 
ing states in the neighboring even-even core, ^^^Sn. We 
observe the most essential changes in the states con- 
nected to the ground state by El transitions. In the 
even-even core there is only one 1~ configuration with 
an excitation energy below 4 MeV (line with triangle 
in Fig. ga). It has a [2^ (g) Si]i- two-phonon nature 
M. This is a general feature in heavy semi-magic even- 
even nuclei fly]. All other 1^ configurations are more 
than 1 MeV above. As a result the Ij^ state has practi- 
cally pure two-phonon character in semi-magic nuclei. In 
contrast, the two corresponding configurations in ^^^Sn 
[3si/2 (8) [2+ (g) 3]"] 1-] 1/2-^3/2- are embedded in other 
[qp (i) Iph] and [qp (g) 2ph] configurations with the same 
spin and parity. An interaction with them leads to a 
strong fragmentation of these two main configurations 
(see, Fig. ^). All the resulting states are carrying a frac- 
tion of the El excitation strength from the ground state. 
The main part of the [3si/2 ^ [2^ ^ 3r]i-]i/2-,3/2- con- 
figurations is concentrated in 3/2^ states with an ex- 
citation energy of 3.04 MeV (11%), 3.55 MeV (48%) 
and 3.56 MeV (32%) and in l/2~ states at 3.00 MeV 
(22%) and 3.63 MeV (63%) (see, fines with triangles 
in Fig. ||b). The El strength distribution among low- 
lying levels is even more complex because 3/2^ states 
at 2.13, 2.33 and 3.93 MeV have a noticeable contribu- 
tion of the 3p3/2 one-quasiparticle configuration with a 
reduced excitation matrix element < 3^3/2! I-E1II3S1/2 > 
for which there is no analogue in the even-even core 
^^^Sn. Also the couphng to [3si/2 (81 Iqor]' ^'^^ treating 
the core polarization effect, is somewhat different than 
in the core nucleus, because of a blocking role of the in- 
teraction with other configurations (see, also Ref. p9[ , 
where only the last type of transitions have been ac- 
counted for in the calculations of the El strength dis- 
tribution in "^In). The total B{E1) T strength in the 
energy region from 2.0 to 4.0 MeV in this calculation 



equals 7.2 ■ 10 ^ e^fm^. It should be compared to the 
calculated B{E1, 0+,. -> [2+ « 3-]i- ) = 8.2 • IQ-^ e^fm^ 
in the neighboring ^^^Sn nucleus [ po[ |. 
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FIG. 3. Contribution, C^ of the [3si/2 ® [2+ ® 3~]i^]j^ 
configuration to wave functions of J^ — 3/2^ (solid lines) and 
J^ = l/2~ (dashed lines) states in Sn. The position of the 
[2^ 8 3j']i- state in ^^^Sn is indicated by arrow. 

Positive parity states in ^^^Sn are deexciting to the 
1/2+ ground state by E2 and Ml transitions. The 
B{E2) 1 strength distribution is dominated by the ex- 
citation of the 3/2+ state at 1.27 MeV and the 5/2+ 
state at 1.49 MeV. The wave functions of these states 
carry respectively 85% and 60% of the [3si/2 (8) 2^] con- 
figuration. A smaller fraction of this configuration can 
be found in the 3/2+ state at 2.32 MeV (5%) and the 
5/2+ state at 2.23 MeV (6%). The rather fragmented 
E2 strength at higher energies (Fig. gc) is mainly due to 
[3si/2®2jg] configurations which are much less collective 
than the first one. Fragmented E2 strength between 2.0 
and 4.0 MeV originating from excitation of 2^5 phonons 
has been also observed in NRF experiments on the even 
-'^^^Sn nucleus [gOJ. It is supported by theoretical calcu- 
lations (see, dashed hues in Fig. ||a). In the odd-mass 
^^^Sn nucleus it is even more fragmented because of the 
higher density of configurations. Nevertheless, these E2 
excitations at high energies contribute appreciably to the 
reaction cross section, because the E2 photon scattering 
cross section is a cubic function on the excitation energy 
(see, Eq. (0)). 

The B{M1) 1 strength in these calculations is concen- 
trated mainly above 3.5 MeV as can be seen in Fig. 0d. 
The wave functions of all the 1/2+ and 3/2+ states 
at these energies are very complex. The main con- 
figurations, responsible for the Ml strength, are the 
[2(^5/2,3/2 "X" 2^] ones which are excited because of the 
internal fermion structure of the phonons (similar to 
El 0+ -^ [2+ ® 3j~]i- excitations). They have no 
analogous transitions in even-even nuclei. The config- 
uration [3si/2 (?) 1]*"] has an excitation energy of about 
4.2 MeV but its contribution to the structure of states 
below 4 MeV is rather weak. Most of the states with the 
largest B{M1) t values have J^ = 1/2+. 

To conclude, a strong fragmentation of low-energy elec- 



tromagnetic excitation strength in ^^^Sn has been ob- 
served in NRF experiments. This observation is under- 
stood by microscopic calculations using a complete con- 
figurational space for low-lying states. The calculations 
show that several El, Ml and E2 excitations lead to 
comparably large electromagnetic cross sections, which 
are expected to be observed in this highly sensitive NRF 
experiment. The structure of decaying states is analyzed, 
showing that the [1/2+g (g) [2+ (g) 3~]i-] configuration is 
strongly fragmented. The responsible configuration mix- 
ing is calculated to be considerably more complex, than it 
was suggested previously ||l^] in order to explain the cor- 
responding fragmentation of electromagnetic excitation 
strength in the semi-magic nucleus ^"'^Nd. 
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